An inhibitor of catalase accumulated when leaves of chilling-sensitive species were stored in the dark at 0°C. The inhibitor could be removed from crude extracts by passing them through a column of Sephadex G-25. After this treatment, the catalase activity of extracts of chilled tissues was found to be equal to that of extracts from unchilled leaves. When chilled tissues were incubated at 20°C, the inhibitor of catalase was lost, unless the tissues had been irreversibly damaged. It specifically inhibited plant catalase, and had no effect on mammalian catalase, plant malic dehydrogenase, or plant superoxide dismutase.
A characteristic of many plants which originate from the tropics is that they are injured by extended exposure to temperatures near 0C, even though they have not been frozen (5, 10) . Although chilling temperatures have very rapid effects on cell structures (8, 13, 17) , the most characteristic injury is that necrotic lesions appear on leaves, stems, and fruits which have been exposed to cold for some time (5) . The nature and time course of this chilling injury suggests that it may result from toxic by-products of metabolism (10) . Although this mechanism is a feasible one, it has received little experimental support, because the compounds which are known to accumulate to an abnormal extent during chilling, such as ethanol (25) and alanine (19) are not apparently toxic. Recently, the potential toxicity of two oxidants which are produced by all aerobic organisms (20) has been emphasized (4) . These are superoxide anion 02 and H202. Although these oxidants are probably not reactive enough to be strikingly toxic in themselves, they are potential intermediates in the generation ofthe hydroxyl radical (HO-) (4, 6) which will freely attack membrane lipids, proteins, and nucleic acids. The production ofhydroxyl radical can be catalyzed by transition metal ions in reactions such as the following:
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Fe3+, OH- There are several mechanisms with which plants may be able to protect themselves against damage by free radical oxidants. The enzymes superoxide dismutase and catalase ensure the removal of superoxide and H202, respectively, without producing dangerously active free radicals, while the formation of hydroxyl radical will be reduced if free or chelated transition metals such as iron, manganese, and copper are kept in compartments which are separate from H202. In addition, the chain reactions resulting from the activity of hydroxyl radicals can be quenched by many protective agents present in plant tissues. The hydroxyl radical is so very toxic that it is of interest if any of the mechanisms which protect the plant against it are damaged by chilling. Both superoxide dismutase of tomato ( 11) and catalase of cucumber (12) and maize leaves, (24) , and of avocado fruit (22) , have been reported to decrease during chilling. These species are sensitive to chilling, and so such results lend support to the suggestion that free-radical oxidants could be important in the expression of chilling injury (5) . For (1) . Therefore, the rate constant for the reaction in an initial concentration of 10 mM H202 was estimated (1) . Diluted extract was added to substrate in 50 mm phosphate buffer (pH 7.0) and after 2 min at 20°C the reaction mixture was stirred to remove O2 bubbles before measuring the A at 240 nm. Additions and transfers were made using an automatic chemistry apparatus (Phillips AC I) coupled to a spectrophotometer (Pye Unicam SP6), interfaced with a HP 9815S computer. Controls without peroxide or extract were assayed under identical conditions. From this, the rate constant k for each reaction was calculated from the relation 2. Assay of H202. This was modified from a published method (14) . Plant tissue (2 g ) was frozen in liquid N2 and ground to a powder with frozen 5% TCA (1 ml) and activated charcoal (0.1 g). This was added to 5% TCA (7 ml) in small batches with vigorous stirring and gentle warming with the hands to prevent the mixture from freezing. The extract was centrifuged at 0°C (27,000g for 10 min), and traces of charcoal and precipitated protein were removed from the supernatant by filtration under pressure from a syringe (Millipore, pore size 0.45 gm). The extract was taken to pH 8.6 with NH3 and filtered again. Blanks from which the H202 had been specifically removed were then made by adding I gg catalase solution (1 mg-ml-' in 40% glycerol and 10% ethanol), and incubating for 10 min at room temperature. Untreated aliquots of the extract were incubated in a similar way. Equal volumes of colorimetric reagent (0.3 mM potassium titanium oxalate and 0.4 mM PAR2 taken to pH 8.6 with NH3 were added and the reaction mixtures incubated in stoppered tubes for 1 h at 45°C. The A at 508 nm was measured against catalase blanks, and the H202 content of the tissue estimated assuming a water content of the tissue of 80%, and a molar absorptivity of 3.6 x I04 mol-' cm-' for the peroxide color complex (14) .
Protein. Protein was assayed by the dye-binding method of Bradford (2) .
RESULTS
Effect of Chilling on Extractable Catalase. When the rate constants for reactions catalyzed by catalase from bovine liver were calculated as shown in "Materials and Methods," they were found to be proportional to the amount of protein added to the reaction mixtures. Crude extracts from plant tissues gave a similar result, as illustrated in Figure 1 , which shows the rate constant k plotted against protein added for crude extracts of the chilling-resistant plant, pea. When this and other chilling-resistant species (lucerne, wheat) were stored at 0°C, there was either no change or a small increase in the amount of extractable 'Abbreviation: PAR, 4-(2-pyridylazo)resorcinol. catalase. Figure 2A shows the contrasting results when cotyledon extracts of cucumber, a chilling-sensitive plant, were used. For extracts of unchilled tissues, the rate constant for catalase activity increased linearly with protein added to the reaction mixture, as with extracts of chilling-resistant plants. However, after chilling the tissue, the relationship became nonlinear. Figure 2A shows that the extent ofthis effect depended on the duration ofchilling, so that after the cotyledons had been exposed to 0°C for 4 d, no significant amounts of catalase activity could be detected. That the loss ofcatalase activity resulted from inhibition rather than removal of catalase protein is shown in Figure 2B . The extracts of chilled cucumber tissue which gave the results of Figure 2A were passed through columns of Sephadex G-25 to remove material of low mol wt and the combined fractions containing protein reassayed. Figure 2B shows that extracts of Removal of Inhibitor by Warming. After the catalase inhibitor had been formed by chilling plant tissue, it could be removed again by incubating the tissue at 20C. This is shown in Figure 3 for crude extracts from leaves of two forms of Passiflora edulis.
Leaves of the type species P. edulis are able to withstand many days of chilling at OC without injury, but leaves of the closelyrelated P. edulis forma flavicarpa are injured after two or three d at 0° (15) . Figure 3 shows that the more chilling-resistant passionfruit has a greater ability to recover catalase activity after chilling. The is a pronounced increase in catalase inhibitor in crude extracts (cf. Fig. 3 ), there was no significant change in levels of H202.
After more extended chilling, there was a tendency for levels of H202 to decrease rather than increase. Specificity of the Catalase Inhibitor. Extracts of chilled tissues in which catalase activity was inhibited showed normal levels of other enzymes. Figure 4 shows that the activity of malic dehydrogenase from cucumber cotyledons was not significantly affected when the tissue from which it had been extracted had been chilled as in Figure 2C . The same was found for superoxide dismutase prepared from the chilled leaves ofa number ofspecies (Chen, manuscript in preparation).
The specificity of the inhibitor towards plant and animal catalases was investigated after separating it from plant protein.
Initial efforts to recover the inhibitor from freeze-dried fractions obtained by Sephadex G-25 chromatography failed. However, inhibitory activity could be recovered in boiled extracts or in extracts which had been passed through an ultrafilter to remove protein. When boiled extracts were kept for some days at -20°C, activity was lost, possibly indicating that the inhibitor is easily oxidized. Table III shows that boiled extracts ofunchilled cucumber cotyledons inhibited cucumber and mammalian catalase to a small extent. There was no significant difference between the effect on cucumber and mammalian catalases. Boiled extracts of cotyledons which had been chilled for 4 d had no additional inhibitory effect on mammalian catalase. In contrast to this, cucumber catalase was additionally inhibited by the extract of chilled cotyledons. This result indicates that the inhibitor is specific to plant catalase.
DISCUSSION
When the tissues of a number of chilling-sensitive species (cucumber, Maranta leuconeura, Passiflora, tomato, and lima bean) were chilled there was a progressive decrease in the catalase activity of the crude extracts derived from them. This effect was not found with species native to cooler climates. Rather than being lost, the catalase activity of the chilling-sensitive group was reduced by an inhibitor. The inhibitor could be removed by passing the crude extracts through columns of Sephadex G-25 and could be recovered from boiled extracts or from their ultrafiltrates. Prepared in this way, the inhibitor affected plant catalase, but not animal catalase, plant malic dehydrogenase, or plant superoxide dismutase (Chen, manuscript in preparation). Because the properties of the inhibitor indicate a heat-stable compound of low mol wt, it is obviously distinct from the protein inhibitor of catalase which has been isolated from maize (23) .
A decrease in the catalase activity of avocado fruit has been reported after chilling (22) , in cucumber leaves chilled in the dark ( 12) , and in maize leaves chilled in the light (24) . Our results suggest that these decreases in catalase activity could have been caused by the accumulation of an inhibitor rather than by a true loss of catalase protein. However, it is less easy to say whether the inhibitor contributes to subsequent injury and death of the chilled tissues, or whether it is merely an early symptom of chilling injury.
Recently, a mutant of barley has been isolated which has only 10% of normal catalase activity (7) . Although barley is a chillingresistant plant, this mutant may be a model for chilled tissues in which catalase has been inhibited. Under photorespiratory conditions, when H202 is produced by the glyoxalate cycle, brown lesions appear on the leaves of the mutant. Similar lesions are seen on the leaves of tropical plants when they are chilled and it seems possible that, in both cases, H202 is giving rise to harmful oxidants rather than being removed by catalase. In the case of the barley mutant, low 02 prevents damage, presumably by inhibiting photorespiration so that H202 production is reduced. This recalls experiments with Chlorella, in which low 02 also protects against chilling injury (21) , as well as with fruit, in which antioxidants protect against chilling injury (26) .
Our evidence that an inhibitor of catalase is produced when tropical plants are chilled lends support to the hypothesis that chilling injury results, at least in part, from the harmful effects of strong oxidants derived from H202. The argument is weakened, however, by our finding that levels of H202 did not rise during chilling. While Omran (12) reported increases in the level of H202 in chilled cucumber plants, the method he used to estimate H202 has been shown to be subject to serious errors (14) .
Obviously, further evidence is needed before an 'oxidant hypothesis' of chilling damage can be convincing. As well as showing whether chilling injury is caused by oxidants derived from H202, such evidence would need to explain why closely related species in such genera as Passiflora (17) and Lycopersicon (16, 17, 18) differ so markedly in their resistance to chilling.
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